Chemotaxis by human monocytes has been shown to require methylation mediated by S-adenosyl-Lmethionine(AdoMet), but the specific transmethylation reaction necessary for this function was not elucidated. In an attempt to define the methylation requirement for chemotaxis, we examined the effect of chemotactic agonists and antagonists on protein carboxy-O-methylation of protein and methylation of phospholipid in guinea pig macrophages. Chemotactic agents tested over a wide dose and time range produced no alteration in carboxy-O-methylation. However, these agents did produce an effect on the methylation of phosphatidylethanolamine by macrophages. AdoMet-mediated Transmethylation reactions mediated by S-adenosyl-L-methionine (AdoMet) are required for many functions of both eukaryotic and prokaryotic cells (1, 2). In bacteria, chemotaxis requires the methylation of certain membrane-associated proteins by protein carboxymethyltransferase (3) (4) (5) . Recently, we demonstrated that transmethylation was necessary for the directed migration of at least one type of eukaryotic cell, the human monocyte (6). Incubation of monocytes with a specific inhibitor of adenosine deaminase, erythro-9[3-(2-hydroxynonyl)]adenine(EHNA), plus adenosine and L-homocysteine thiolactone produced marked increases in intracellular concentrations of S-adenosyl-L-homocysteine (AdoHcy), a competitive inhibitor of AdoMet-mediated methylation reactions (7). Concomitant with such increases in mdnocyte AdoHcy was a profound depression of monocyte chemotactic responsiveness and inhibition of protein carboxy-O-methylation (6).
an effect on the methylation of phosphatidylethanolamine by macrophages. AdoMet-mediated phospholipid methylation was inhibited by as much as 73% by chemotactic factors, and there was excellent correlation (r = 0.99) between their concentrations for producing half-maximal chemotactic responses and for inhibiting phospholipid methylation. The inhibition of methylation by chemotactic factors was observed at all incubation times and could not be explained by an increased turnover of membrane phospholipid. Neither the chemotaxis antagonist fPhe-Met nor the nonchemotactic tripeptide Met-Met-Met significantly depressed phospholipid methylation. Immune phagocytosis by macrophages similarly did not alter p ho ipid methylation. The chemotactic factors produced no alteration in total macrophage phospholipid synthesis or in the phospholipid methylation in a nonchemotactic cell type. The formation of newly methylated derivatives of phosphatidylethanolamine in macrophages was decreased by abiologically active dose of chemotactic factor. These findings indicate that chemotactic factors are capable of altering the methylation of phosphatidylethanolamine in chemotactically responsive cells. The inhibition of phospholipid methylation by chemotactic factors may be necessary for the translation of a chemotactic signal on the surface of the cell into directional cell movement.
Transmethylation reactions mediated by S-adenosyl-L-methionine (AdoMet) are required for many functions of both eukaryotic and prokaryotic cells (1, 2) . In bacteria, chemotaxis requires the methylation of certain membrane-associated proteins by protein carboxymethyltransferase (3) (4) (5) . Recently, we demonstrated that transmethylation was necessary for the directed migration of at least one type of eukaryotic cell, the human monocyte (6) . Incubation of monocytes with a specific inhibitor of adenosine deaminase, erythro-9[3-(2-hydroxynonyl)]adenine(EHNA), plus adenosine and L-homocysteine thiolactone produced marked increases in intracellular concentrations of S-adenosyl-L-homocysteine (AdoHcy), a competitive inhibitor of AdoMet-mediated methylation reactions (7) . Concomitant with such increases in mdnocyte AdoHcy was a profound depression of monocyte chemotactic responsiveness and inhibition of protein carboxy-O-methylation (6) .
Although these studies clearly demonstrated the requirement of AdoMet-mediated transmethylation for monocyte chemotaxis, they did not define the specific methylation reactions(s) involved in cell movement. Because cell division and protein synthesis appear not to be required for monocyte chemotaxis (6), we think that the methylation of DNA and RNA probably are not involved in the chemotactic response. Because of the known or suspected importance of protein carboxy-O-methylation (8, 9) and phospholipid methylation (10, 11) in certain specialized membratie functions, we measured the effects of chemotactic factors on these two types of methyltransferase reactions in guinea pig macrophages.
MATERIALS AND METHODS Chemicals.
N-Formyl-L-methionyl-L-methionyl-Lmethionine (fMet-Met-Met), fPhe-Met, Met-Met-Met, and fMet-Leu were purchased from Andrulis Research (Bethesda, MD); fMet-Leu-Phe and fNorleu-Leu-Phe were obtained from Peninsula Laboratories (San Carlos, CA). Adenosine and Hepes were products of Calbiochem; L-homocysteine thiolactone, phosphatidylcholine (PtdCho), and phosphatidyl-N,N-dimethylethanolamine (PtdEtn) were obtained from Sigma, and EHNA was from Burroughs Wellcome (Research Triangle Park, NC). Phosphatidyl-N-monomethylethanolamine was purchased from GIBCO. L-[methyl-3HJMethionine (80 Ci/ mmol; 1 Ci = 3.7 + 1010 becquerels) and 32P1 as orthophosphoric acid were purchased from New England Nuclear. The chemotactic stimulants activated guinea pig serum (AS) and the chemotactic fragment derived from the fifth component of complement (C5a) were prepared as described (12) .
Cell Preparations. Mononuclear leukocytes were obtained from the peritoneal cavities of male Hartley guinea pigs (500-600 g) 3 (14) .
RESULTS
A role for AdoMet-mediated transmethylation in human monocyte chemotaxis has already been established (6 (12) . fMet-Met-Met, fNorleu-Leu-Phe, fMet-Leu-Phe, and C5a inhibited macrophage phospholipid methylation in a dose-dependent fashion, with maximal inhibition ranging from 50 to 73% with the various chemotactic agonists (Fig. 1A) . The concentrations necessary to inhibit phospholipid methylation were in the same range (0.1-10 nM) that gave a chemotactic response (Fig. 1B) . Comparison by chemotactic factor was evident within 5 min of incubation and persisted for as long as 60 min (Fig. 3) We also asked whether chemotactic factor accelerates the turnover of preformed methylated derivatives of PtdEtn in macrophages. Macrophages were labeled with L-[methyl-3H]methionine' for 1 hr at 370C, collected by centrifugation, and resuspended in Gey's solution containing 0.1 mM unlabeled methionine. These cells were then incubated at 370C in the presence or absence of-10nM fMet-Met-Met and aliquots were removed at times ranging between 10 min and 5 hr for measurements of residual phospholipid radioactivity. There was no appreciable loss of newly formed methylated phospholipids in the presence or absence of chemotactic factor during the course of the 5-hour incubation. Thus, fMet-Met-Met did not accelerate the degradation of newly formed methylated phospholipid derivatives associated with the macrophages.
Specificity of Inhibition of Phospholipid Methylation by Chemotactic Factors. Because the decrease in phospholipid methylation produced by chemotactic factors could be the result of inhibiting total phospholipid synthesis, the incorporation of 2P1 into lipid-extractable radioactivity after incubation for 1 hr at 17'C was measured in the presence and absence of various concentrations of the chemotactic factors fMet-MetMet, fMet-Leu-Phe, and C5a. The results of these experiments (Fig. 4) To determine whether the inhibition of phospholipid methylation produced by chemotactic factors were specific or simply reflected a general inhibition of all AdoMet-mediated methylation reactions, the effects of various concentrations of fMet-Met-Met, fMet-Leu-Phe, and C5a on protein carboxy-O-methylation in macrophages were determined. There was no significant effect on macrophage protein carboxy-O-methyltransferase activity produced by incubation for 1 hr at 37°C with the three different chemotactic factors (Fig. 5A) . Because other laboratories (17) have reported a rapid and transient (1 min) stimulation of protein carboxymethylase activity in rabbit neutrophils incubated with a fMet chemotactic peptide, we investigated the effects of 10 nM fMet-Met-Met on the kinetics of macrophage carboxy-O-methylation (Fig.  5B) . No alteration in protein carboxymethylase activity was observed in the presence of the chemoattractant even as early as 1 min after introduction of labeled methionine.
Cellular Specificity of Inhibition of Phospholipid Methylation by Chemotactic Factors. The effects of three different chemotactic factors (fMet-Met-Met, fMet-Leu-Phe, and C5a) on the phosphatide methyltransferase activity of guinea pig splenic lymphocytes were examined. These cells did not respond chemotactically to the above compounds (data not shown). No inhibitory effects on lymphocyte phospholipid methylation were observed with any of the chemotactic factors tested (Fig. 6) .
Characterization of Methylated Phospholipids. Radiolabeled phospholipids extracted from macrophages incubated with L-[methy1-:3HImethionine were fractionated into mono-, di-, and trimethyl(choline) derivatives by TLC using two separate solvent systems (10) . [3H]methylated phospholipids found in macrophages incubated in the absence of chemotactic factor. Most of the radioactivity migrated with the three methylated derivatives of PtdEtn, particularly with PtdCho and phosphatidyl-N-N-dimethylethanolamine. Another peak of radioactivity, the nature of which has yet to be determined, was consistently found to migrate with the solvent front. The profile of [3H]methylated phospholipids from macrophages that had been treated with 10 nM fMet-Met-Met showed a uniform depression of all three methylated derivatives compared to cells incubated in the absence of chemotactic factor (Fig. 7B) . DISCUSSION The accumulation of phagocytic cells at sites of antigenic penetration or neoplastic transformation is a critical event in immunologically mediated host defense. There is substantial evidence indicating that leukocytes are capable of sensing certain chemical gradients by means of specific cellular receptors (16, 18) and of migrating directionally along such concentration gradients. Although the biochemical mechanism by which occupancy of a chemotactic receptor leads to a chemotactic response in eukaryotic cells is as yet poorly understood, we have recently shown a requirement for AdoMet-mediated methylation in this phenomenon (6) . In bacteria, chemotaxis requires the binding of a chemoattractant to specific surface receptors followed by AdoMet mediated carboxy-O-methylation of certain membrane proteins (3) (4) (5) 19) . In the studies reported here, we did not observe any significant alteration of (16, 18) , nor the nonchemotactic peptide Met-Met-Met (15) produced any inhibition of phospholipid methylation. The lack of effect of fPhe-Met indicates that chemotactic factor receptor occupancy per se is not sufficient to trigger inhibition of methylation. This point is further emphasized by the finding that immune phagocytosis by macrophages did not inhibit phospholipid methylation. Phagocytosis and chemotaxis bear certain similarities in that both processes are initiated by occupancy of membrane receptors followed by cellular movement (20) . However, in chemotaxis there is polarized cell movement whereas in phagocytosis there is membrane and cytoplasmic movement around the particle to be ingested but no accompanying cellular polarization. Our The present study clearly shows that chemotactic factors inhibit a specific AdoMet-mediated methylation reaction in chemotactically responsive cells. We have previously demonstrated, however, that AdoMet-mediated reactions are indeed necessary for chemotaxis to occur, in that inhibition of methylation resulted in inhibition of chemotaxis (6) . One explanation of this paradox is that methylation might be requisite for some aspect of chemotaxis, and inhibition of phospholipid methylation is necessary for another. Another possibility is that a gradient of membrane phospholipid methylation or local inhibition of this process is necessary for a directed migratory response. During nondirected migration or at rest, phospholipid methylation might be a generalized membrane property. By binding to responsive cells and by altering the methylation of membrane phospholipids in a nonuniform manner, chemotactic factors could effect local changes in the biophysical properties of the membrane. This would occur as a consequence of the inhibition of the formation of PtdCho without affecting total phospholipid synthesis. It can be expected that, under these conditions, there would be a local accumulation of PtdEtn, a molecule whose head group is both smaller than that of PtdCho and capable of forming more hydrogen bonds. Global inhibition of phospholipid methylation by EHNA, adenosine, and Lhomocysteine thiolactone would depress chemotaxis by preventing a cell from establishing a gradient of the ratio of PtdEtn to PtdCho in newly synthesized membrane.
Many constructs of the possible relevance of the alteration of phospholipid composition to chemotaxis can be made. Several that deserve mention are that these changes could be accompanied by local alterations in membrane microviscosity, with the ability of the membrane to interact with external surfaces, or with the anchoring of the membrane to internal cytoskeletal elements. Determining the exact role of the inhibition of phospholipid methylation in chemotaxis will have a major impact on our understanding of cellular motility as well as the mechanism by which membrane phospholipid composition is controlled.
